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Abs trac t
Salmonella t y phimurium s ur vi ve s a nd r e pl i ca t e s i nt r a ce l l ul a r i n a me mbr a ne -bound compa r t me nt , t he Salmonella-cont a i ni ng va cuol e ( SCV) . I n He La ce l l s , t he SCV ma t ur e s t hr ough i nt e r a ct i ons wi t h t he e ndocyt i c pa t hwa y, but Salmonella a voi ds f us i on wi t h ma t ur e l ys os ome s . The e xa ct me cha ni s m of t he i nhi bi t i on of pha gol ys os oma l f us i on i s not unde r s t ood. Ra b GTPa s e s cont r ol s e ve r a l pr ot e i ns i nvol ve d i n me mbr a ne f us i on a nd ve s i cul a r t r a ns por t . The s ma l l GTPa s e Ra b7 r e gul a t e s t he t r a ns por t of a nd f us i on be t we e n l a t e e ndos ome s a nd l ys os ome s a nd a s s oci a t e s wi t h t he SCV. W e s how t ha t t he Ra b7 GTPa s e cycl e i s not a f f e ct e d on t he SCV. W e t he n ma ni pul a t e d a pa t hwa y downs t r e a m of t he s ma l l GTPa s e Ra b7 i n He La ce l l s i nf e ct e d wi t h Salmonella. Expr e s s i on of t he Ra b7 e f f e ct or RI LP i nduce s r e cr ui t me nt of t he dyne i n/ dyna ct i n mot or compl e x t o t he SCV. Subs e que nt l y, SCV f us e wi t h l ys os ome s . As a r e s ul t , t he i nt r a ce l l ul a r r e pl i ca t i on of Salmonella i s i nhi bi t e d. Act i va t i on of dyne i n-me di a t e d ve s i cl e t r a ns por t ca n t hus cont r ol i nt r a ce l l ul a r s ur vi va l of Salmonella.
I ntroduc ti on
Salmonella t y phimurium s pe ci e s a r e gr a m-ne ga t i ve f a cul t a t i ve i nt r a ce l l ul a r pa t hoge ns . Salmonella ca us e s di s e a s e s r a ngi ng f r om ga s t r oe nt e r i t i s t o t yphoi d f e ve r , de pe ndi ng on t he s e r ot ype a nd t he hos t . I n e pi t he l i a l ce l l s , Salmonella s ur vi ve s a nd r e pl i ca t e s i n a me mbr a nebound compa r t me nt , t he Salmonella-cont a i ni ng va cuol e ( SCV) ( M e r e s s e et al., 1999b) . I nt r a ce l l ul a r r e pl i ca t i on s t a r t s a f t e r a l a g pha s e of ± 4h ( Ga r ci a -de l Por t i l l o et al., 1993) . The SCV a cqui r e s t he va cuol a r ATPa s e pump a nd l ys os oma l gl ycopr ot e i ns , s uch a s LAM P-1 ( M e r e s s eet al., 1999a ; St e e l e -M or t i me r et al., 1999) . I n cont r a s t t o pha gos ome s cont a i ni ng l a t e x be a ds ( De s j a r di ns et al., 1994; Ga r ci a -de l Por t i l l o a nd Fi nl a y, 1995) , t he SCV s e gr e ga t e s f r om t he nor ma l e ndocyt i c pa t hwa y a nd doe s not a cqui r e t he ma nnos e -6-phos pha t e r e ce pt or a nd l ys os oma l hydr ol a s e s s uch a s ca t he ps i n D a nd L ( Ga r ci a -de l Por t i l l o a nd Fi nl a y, 1995; M e r e s s eet al., 1999a ) . By a voi di ng f us i on wi t h ma t ur e ca t he ps i n D-a nd L-cont a i ni ng l ys os ome s , Salmonella i s pr oba bl y pr ot e ct e d f r om de gr a da t i on ( M e r e s s e et al., 1999b) . Pr e ve nt i on of f us i on wi t h ma t ur e l ys os ome s de pe nds on t he a bi l i t y of t he pa t hoge n t o modul a t e t he i nt e r a ct i on of t he pha gos ome wi t h e l e me nt s of t he hos t ' s e ndocyt i c pa t hwa y ( Hol de n, 2002) . M e mbe r s of t he Ra b f a mi l y of s ma l l GTPa s e s a r e r e gul a t or s of t he hos t e ndocyt i c pa t hwa y. Nume r ous Ra b pr ot e i ns ha ve be e n de s cr i be d, a nd e a ch Ra b me mbe r l oca l i z e s t o a s pe ci fic compa r t me nt ( St e nma r k a nd Ol kkone n, 2001) . By i nt e r a ct i ng wi t h one or mor e e f f e ct or pr ot e i ns , Ra b pr ot e i ns r e gul a t e s pe ci fic downs t r e a m f unct i ons s uch a s me mbr a ne t r a ns por t a nd f us i on ( Novi ck a nd Ze r i a l , 1997; Soms e l Rodma n a nd W a ndi nge r -Ne s s , 2000) . For e xa mpl e , Ra b5 r e gul a t e s f us i on be t we e n e a r l y e ndos ome s a nd mot i l i t y of t he s e compa r t me nt s a l ong mi cr ot ubul e s ( Gor ve l et al., 1991; Ba r bi e r i et al., 1994) . Ra b7 a ct s mor e downs t r e a m i n the endocytic pathway, regulating transport to late endosomes (Feng et al., 1995; Press et al., 1998) and regulating transport of and fusion between late endosomes and lysosomes (Meresse et al., 1995; Vitelli et al., 1997; Bucci et al., 2000) . In HeLa cells, Rab7 interacts with the SCV and is involved in its maturation (Meresse et al., 1999a) .
We show that the Rab7 GTPase cycle is identical on late endocytic structures and the SCV by using fluorescent recovery after photobleaching (FRAP) experiments. Apparently, the mere presence of Rab7 is not sufficient to regulate fusion between mature lysosomes and the SCV in HeLa cells. We have shown previously that the Rab7 effector RILP (Cantalupo et al., 2001; J ordens et al., 2001) recruits the minus-end-directed motor complex dynein-dynactin to late endosomal/lysosomal compartments, thereby facilitating their transport toward the microtubule-organizing center (J ordens et al., 2001) . RILP and the dynein motor also have been implicated in the regulation of fusion between latex-beads containing phagosomes and lysosomes . Moreover, the dynein motor transports Chlamydiae inclusions, although it is unclear how this is regulated (Grieshaber et al., 2003) .
Here, we studied whether manipulation of motor-mediated transport of the SCV to lysosomes during the early phase of infection can modulate intracellular replication. Therefore, the Rab7 effector RILP was expressed during the lag phase of Salmonella infection. Expression of RILP induced the recruitment of the minus-end motor dynein to the SCV. Subsequently, SCV were rapidly transported toward the minus-end of microtubules where they fused with lysosomes. As a result, the intracellular replication of Salmonella in HeLa cells was impaired. For the first time, a motor protein (dynein) is implemented in the control of intracellular growth of a pathogen, Salmonella.
Experimental Procedures
DNA Constructs
Wild-type and mutant Rab7 cDNA, a kind gift from P. Chavier (Meresse et al., 1995; Meresse et al., 1999a) , were subcloned into pcDNA3 (Invitrogen, Carlsbad, CA) with an Nterminal myc-tag for immunodetection. To generate the green fluorescent protein (GFP)-tagged constructs, the ATG start codon of RILP, RILP-N, and Rab7 were eliminated by polymerase chain reaction, and the fragments were cloned into pEGFP-C1 (BD Biosciences Clontech, Palo Alto, CA). cDNA encoding p50 dynamitin (Echeverri et al., 1996) and RILP-N were subcloned in the eukaryotic expression vector pCMV with an N-terminal vsv-tag as described previously (Wubbolts et al., 1999) . cDNA encoding GFP-p50 dynamitin was a kind gift from C. Hoogenraad (Hoogenraad et al., 2001; Matanis et al., 2002) . RILP was subcloned into the eukaryotic expression vector pcDNA3 (Invitrogen) with a C-terminal myc-tag. All constructs were sequence verified.
Cell Culture
HeLa cells were maintained in Iscoves medium (Invitrogen) supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were transiently transfected with GFP-Rab7 by using Genejammer transfection reagent according to the manufacturer's protocol (Stratagene, La J olla, CA). Briefly, 4 g of DNA and 24 l of Genejammer reagent were used to transfect 3 x 10 6 cells. Fresh medium was added after 24 h and the cells were further incubated for at least 24 h before infection.
Bacterial Strains, Growth Conditions, and Infections
The mouse virulent strains S. typhimurium SL1344, GFP-S. typhimurium SL1344, and GFP-S. typhimurium 12023 (a kind gift from S. Meresse et al., 1999a) were used. Bacteria were grown in Luria-Bertani (LB) media at 37°C in 5% CO 2 . HeLa cells were seeded on glass coverslips at a density of 6 x 10 6 cells/10 cm dish or 3 x 10 6 cells/6 cm dish. Cells were cultured at 37°C in 5% CO 2 for 48 h in Iscoves media without penicillin/streptomycin. Bacteria were grown overnight at 37°C while shaking, subcultured at a dilution of 1: 33 in fresh LB media, and incubated at 37°C while shaking for 3.5 h. Cells were infected with 100 bacteria/cell (unless otherwise indicated) in Iscoves media without antibiotics for 30 min at 37°C in 5% CO 2 . Infected cells were washed four to six times and incubated for 1h in media containing 50 g/ml gentamicin (Invitrogen). Infected cells were subsequently incubated for the indicated time points in media containing 10 g/ml gentamicin.
M icroinj ection
Infected cells seeded on glass coverslips at a confluence of 30-60% were used. Cells were injected on a heated xy stage of an Olympus XL70 microscope equipped with an Eppendorf manipulator 5171/transjector 5246 system. Approximately 100-200 cells were injected with cDNA at a final concentration of 100-200 ng/ l (unless indicated otherwise) in microinjection buffer containing 120 mM K-glutamate, 40 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 200 M CaCl 2 , 10 mM HEPES, 40 mM mannitol, pH 7.2. Fluorescein isothiocyanate (FITC)-Dextran 3000 mW 1 mg/ml (Molecular Probes, Eugene, OR) was used as a microinjection marker for live imaging. When indicated, H2B-GFP cDNA (100 ng/ l) was used as an injection marker. Cells were subsequently cultured at 37°C in 5% CO 2 and analyzed at the indicated time points. Fixation was either in 3.7% formaldehyde for 15 min followed by permeabilization with 0.1% Triton X-100 or in methanol (-20°C) for 2 min. Fixed cells were immunostained with the indicated antibodies in phosphate-buffered saline + 0.5% bovine serum albumin (BSA) and analyzed by confocal laser scanning microscopy (CLSM).
Confocal Laser Scanning M icroscopy
Confocal analysis was performed using a Leica TCS SP confocal laser scanning microscope equipped with an Argon/Krypton laser (Leica Microsystems, Heidelberg, Germany). Green fluorescence was detected at 515 nm after excitation at 488 nm. For dual analyses, green fluorescence was detected at 520-560 nm. Red fluorochromes were excited at 568 nm and detected at 585 nm. Triple analysis was performed using TexasRed excited at 568 nm and detected at 600-620 nm, and Cy5 was excited at 633 and detected at 660 nm. All experiments presented were repeated several times on different days, and results were consistent and reproducible. The results from different experiments were calculated and presented as mean percentage ± SE.
SCV Fusion with SR101 or DQ Red BSA-labeled Ly sosomes
HeLa cells seeded on glass coverslips were labeled with sulforhodamine 101 (SR101: 50 g/ml) (Molecular Probes) by a 30-min pulse at 37°C in 5% CO 2 . The labeling media were removed, and the cells were washed extensively and incubated for at least 2 h before infections were started, according to the protocol described using GFP-S. typhimurium SL1344. After incubation with 50 g/ml gentamicin for 1 h, cells were cultured in media containing 10 g/ml gentamicin. Infected cells were then microinjected with cDNA coding for RILP, and FITC-dextran was used as an injection marker. One hour after injection, fusion between SCV-and SR101-loaded lysosomes was studied using living cell analysis with timelapse confocal microscopy. Fusion between SCV-and SR101-loaded lysosomes was followed in cells injected with RILP cDNA and control cells for 4 h. The protocol described above was also followed to study the interaction of the SCV with DQ Red BSA-positive vesicles. Except that DQ Red BSA was added to the cells before the imaging, 1 h after microinjection. DQ Red BSA is dequenched after proteolysis in lysosomes (DQ Red BSA 10 g/ml) (Molecular Probes).
Fluorescent Recovery After Photobleaching
FRAP experiments were performed as described previously (Reits et al., 2000; Jordens et al., 2001) . Briefly, HeLa cells transiently expressing GFP-Rab7 were seeded on coverslips and infected. Approximately 24 h after infection, SCV containing elongated bacteria were bleached for 1s by a high-intensity laser beam. Subsequently, the recovery of fluorescence in the bleached spot was quantified. As a control Rab7-positive late endosomes and lysosomes were simultaneously bleached in the same cell or in noninfected control cells. SCV and control vesicles were visualized by LysoTracker Red (Molecular Probes). SCV and control late endosomes and lysosomes with little lateral movement were selected. Because they were not completely stationary their position was tracked and corrected by a program written in Matlab (Mathworks, Natick, MA) and the half-time of fluorescence recovery (t1/2) was determined. The experiments were repeated several times on different days.
Isolation of the SCV
HeLa cells (2-3 x 10 7 ) cells infected with GFP-S. typhimurium SL1344 for 3 h or noninfected HeLa cells were washed four times with phosphate-buffered saline. Cells were harvested by scraping and diluted in 1 ml of homogenization buffer HB (20 mM 250 mM sucrose, Tris, pH 7.5, and a cocktail of protease inhibitors (Complete; Roche Diagnostics, Indianapolis, IN) and homogenized with a ball-bearing homogenizer (ball size 8.008). Nuclei and debris were removed by low-speed centrifugation (100 x g, 3 min). The resulting postnuclear supernatant was layered on top of a stepwise sucrose gradient containing layers of 0.4/0.6/1.0/1.2/1.6/2.0M sucrose prepared in HB. The samples were centrifuged in a Beckman SW40 Ti for 2 h at 28,000 rpm at 4°C. Fractions of 0.5 ml were taken from the top, and proteins were recovered by trichloroacetic acid precipitation before analysis by 12% SDS-PAGE and Western blotting. The sucrose concentration of the fractions was measured after the run with a refractomer (PmT Tamson) and is indicated in the figure. Lysosomal fractions were determined by assaying for -hexosaminidase activity in all sucrose gradient fractions. The position of LAMP-1, cathepsin D, RILP, and Rab7 were detected using specific antibodies. The position of the SCV was determined using anti-GFP antibodies.
Antibodies and Reagents
The following antibodies were used: rabbit polyclonal anti-CD63 (Vennegoor et al., 1985) , mouse monoclonal anti-p150 glued (BD Transduction Laboratories, Lexington, KY), mouse monoclonal p50 dynamitin (BD Transduction Laboratories), rabbit polyclonal anti-Rab7 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-kinesin heavy chain (kind gift from R. Vallee, Columbia University, New York, NY), rabbit polyclonal anti-RILP (Jordens et al., 2001) , rabbit polyclonal anti-GFP (van Ham et al., 1997) . Mouse anti-LAMP-1 (BD Transduction Laboratories), goat polyclonal anti-cathepsin D (Santa Cruz Biotechnology), mouse anti-EEA1 (BD Transduction Laboratories), and mouse monoclonal anti-myc (9E10). Rabbit polyclonal anti-S. typhimurium lipopolysaccharide (LPS) (Difco, Detroit, MI) and mouse monoclonal 1E6 anti-S. typhimurium LPS (Biodesign International, Kennebunk, ME). FITC-and Texas Red (Molecular Probes)-conjugated mouse and rabbit secondary antibodies were used.
Results
SCV Recruits Functional Rab7 in HeLa Cells
S. typhimurium strains 12023 and SL1344 were used to study the intracellular fate of Salmonella. The S. typhimurium SL1344 strain forms elongated bacteria when replicating, due to a lack of septation in some cell types (Martinez-Lorenzo et al., 2001) . These elongated bacteria reside in a membrane-bound vacuole, called the SCV, with the same characteristics as for other Salmonella strains. Although they acquire late endosomal/lysosomal markers such as LAMP-1 and CD63, they exclude hydrolases that reside in mature lysosomes, protecting them from degradation (Martinez-Lorenzo et al., 2001) . The intracellular formation of elongated bacteria was used to visualize intracellular bacterial replication.
To study the interaction of Rab7 with the SCV, HeLa cells were transiently transfected with GFP-Rab7. At various timepoints after infection, the interaction between Rab7 and the SCV was visualized by CLSM and subsequently quantified. Colocalization of GFP-Rab7 with the SCV was already observed 30 min after infection. Figure 1a shows a representative image 3 h after infection. Approximately 80% of the SCV recruited detectable amounts of GFPRab7 at all indicated time points (Figure 1b ) with ±70% at time point 7 h. The elongated bacteria were detected after overnight culture and accumulated GFP-Rab7 in 70-90% of SCV ( Figure 1a ; our unpublished data). This indicates that Rab7 is present at the membrane of SCV. This was further confirmed using the active GTPase-deficient mutant of Rab7, Rab7Q67L. Rab7Q67L was recruited to the membrane of the SCV containing elongated bacteria. Expression of this mutant did not interfere with intracellular replication of the bacteria because elongated bacteria were still formed after o/n culture (our unpublished data).
Small GTPases such as Rab7 cycle between an active membrane-bound and an inactive mainly cytosolic state. We previously used FRAP to visualize the Rab7 cycle in GFP-Rab7-expressing cells. After bleaching the fluorescence of a small portion of vesicles, the recovery of fluorescence in this bleached spot was followed by time-lapse CLSM. Recovery of fluorescence can only occur when membrane-bound bleached GFP-Rab7 dissociates from the membrane and is replaced by fluorescent GFP-Rab7 from the cytosol. Therefore, the fluorescence recovery in the bleached spot represents the Rab7 activation cycle (Jordens et al., 2001) .
FRAP was used to study the Rab7 cycle on the SCV and to determine whether Salmonella alters the Rab7 activation cycle on the SCV. HeLa cells were transiently transfected with GFP-Rab7, and ±24 h after infection the SCV containing elongated bacteria were bleached. Representative images before and after the bleach are shown in Figure 1c . Recovery of fluorescence was plotted in a recovery curve (Figure 1d ). From the recovery curve, the recovery time (t1/2, the time in which 50% of the fluorescence was recovered in the bleached spot) of the SCV was determined. Vesicles and elongated structures were always completely bleached to prevent recovery of fluorescence by lateral diffusion of GFP-Rab7 on the membrane of the same vesicle or elongated structures. Because lateral diffusion is considerably faster than the normal Rab7 cycle, partial bleaching could be easily distinguished from complete bleaching of the structures (our unpublished data).
No difference was observed in the cycle time between late endocytic structures in infected cells and in noninfected cells (Figure 1e, control) . The cycle time of GFP-Rab7 on late endocytic structures was 58.5 ± 6.9 s; the SCV showed a recovery time of 58.6 ± 7.7 s ( Figure  1e ). These data indicate that the Rab7 cycle is comparable between SCV and late endocytic compartments, even within the same cell. Thus, Salmonella does not alter the Rab7 GTPase cycle on the SCV. To test whether the Rab7 effector RILP could be recruited to SCV in HeLa cells, subcellular fractions were analyzed (Figure 1f ). HeLa cells infected with GFP-S. typhimurium SL1344 or noninfected were homogenized, and the postnuclear supernatant was separated by sucrose density centrifugation. Fractions were subsequently taken from top and analyzed by SDS-PAGE and Western blotting. The position of the early endosomes was determined by immunostaining for EEA1. EEA1 migrated in fraction 1-5 (our unpublished data). The position of the lysosomes was determined by -hexosaminidase activity. Lysosomes were detected around fraction 8-11 in both control (our unpublished data) and infected cells ( Figure 1f) ; mature cathepsin D also comigrated in these fractions. The position of the SCV was determined by immunostaining with anti-GFP. SCV run at a higher density than late endocytic structures around fraction 17-19. Mostly immature cathepsin D (precath D) comigrated with the SCV. Rab7 comigrated with cathepsin D and LAMP-1 in the late endocytic fraction (fraction 11), but also comigrated at a higher density with the SCV. A major portion of RILP was present in the soluble fraction (top fractions 1-5) and a small portion comigrated with Rab7 in the late endocytic fractions and with Rab7 in the SCVcontaining GFP fractions. These data suggest that the SCV, like late endocytic structures, sequester both Rab7 and RILP but mainly contain the immature form of cathepsin D.
The Rab7 Effector RILP Blocks Replication of Salmonella in HeLa Cells
Although Rab7 and RILP are both present on late endocytic structures, overexpression of RILP is required for efficient dynein motor recruitment to these compartments (Jordens et al., 2001) . To test whether this is also occurring for the SCV and whether this may change the fate of intracellular Salmonella, we overexpressed RILP at several time points after infection by microinjection of RILP cDNA. Intracellular Salmonella replication was followed by the formation of elongated structures for the SL1344 strain. Ectopically expressed RILP was sequestered to the SCV where it colocalized with Rab7 ( Figure 2a ). When RILP was expressed 2-4 h after Salmonella uptake, before bacterial replication had started, a marked reduction in Salmonella replication was observed after o/n culture. RILP expression resulted in less elongated bacteria and more single bacteria per cell (Figure 2b) .
Quantification of the confocal images of five individual experiments showed that 75% of the SCV contained elongated bacteria, which was reduced to 23% when RILP was expressed (Figure 2c ). Seventy-seven percent of the RILP-expressing cells contained a small number of single bacteria per cell (10-0 bacteria/cell), compared with 25% in control cells not ectopically expressing RILP (Figure 2c ). Timing of RILP expression was critical because expression of RILP 6-8 h or longer after infection resulted in SCV containing elongated bacteria, as observed for control cells (our unpublished data). This suggests that RILP should be expressed before Salmonella starts replicating and segregates from the endocytic pathway. As a control, microinjection of H2B-GFP cDNA did not effect the intracellular replication (our unpublished data). A significant reduction also could be observed when the S. typhimurium 12023 strain was used. This strain can replicate normally inside HeLa cells, although the high load of intracellular bacteria can lead to apoptosis in a subset of the cells. Reducing the mode of infection to >50 bacteria per cell results in a heterogenic population after overnight incubation, with the majority of the cells containing replicating bacteria (Figure 2c ). When RILP was expressed the number of cells containing >30 bacteria per cell decreased by onehalf. The number of cells containing ±10 bugs per cell increased as a result of RILP expression, indicating that bacterial replication was also reduced in cells infected with the S. typhimurium 12023 strain and expressing RILP (Figure 2, b and c) . It should be noted that our experimental protocol does not allow quantification of the RILP effect by plating assays, because RILP had to be expressed in a rather narrow window of time (2-4 h after infection), which could only be achieved by microinjection of cDNA. 
SCV Recruits the Minus-End directed Dynein Motor after RILP Expression
To examine whether the dynein motor also could be recruited to the SCV following RILP expression, the interaction between the endogenous minus-end directed motor dynein and the SCV was analyzed. Dynein recruitment was visualized by immunolabeling cells with antibodies recognizing p150 glued , a subunit of the dynein-dynactin complex. Figure 3a shows that p150 glued was recruited to the SCV upon RILP expression. Note that in some cases the SCV was more intensively labeled with p150 glued than late endocytic structures in the same cell. No significant difference in motor recruitment was observed between cells expressing RILP for 1, 3, and 7h or o/n. In all cases, the p150 glued motor subunit could be detected on ±40% of the SCV (Figure 3b) . Importantly, p150 glued was never observed on the SCV in control cells (Figure 3c ; representative image 3 h after infection).
Similar results were obtained with p50 dynamitin , another subunit of the dynein-dynactin complex and with the Salmonella 12023 strain (our unpublished data). Recruitment of the opposite, plus-end motor kinesin could not be observed at any time point (our unpublished data). These data show that RILP specifically recruits the dynein-dynactin motor toward Rab7-containing compartments, including the SCV.
Dynein-Dynactin Motor Activity Inhibits Salmonella Replication
The C-terminal one-half of RILP (RILP-N) binds to active GTP-bound Rab7 but cannot recruit the minus-end motor dynein (Jordens et al., 2001) . Consequently, late endosomal/lysosomal compartments move toward the cell periphery. Thus, in contrast to RILP-expressing cells, in cells expressing GFP-RILP-N the late endosomes and lysosomes are dispersed instead of clustered (Figure 4a) . Importantly, when GFP-RILP-N was expressed 2-4h after infection, no reduction of elongated bacteria was observed after o/n incubation (Figure 4a ). Instead the GFP-RILP-N-expressing cells showed formation of elongated bacteria similar to control cells. These data indicate that the RILP-induced dynein motor recruitment inhibits Salmonella replication. We further investigated whether the recruited dynein-dynactin motor complexes were functionally involved in the inhibition of bacterial replication. Therefore, RILP expression was combined with inactivation of the dynein motor by overexpressing GFP-p50 dynamitin by simultaneous microinjection of cDNA for both proteins. Overexpression of p50 dynamitin dissociates the dynactin complex, thereby uncoupling the dynein motor from its cargo (Burkhardt et al., 1997) . In cells coexpressing p50 dynamitin and RILP, the p50 dynamitin subunit of the dynein-dynactin motor complex is still recruited to late endosomes/lysosomes by RILP (Jordens et al., 2001) (Figure 4b) .
Coexpression of RILP with excess GFP-p50 dynamitin reversed the late endosomal/lysosomal clustering normally induced by RILP (Figure 4b ). More importantly, the inhibitory effect of RILP on intracellular growth of Salmonella is reversed as well, and elongated structures are formed similar to control cells. GFP-p50 dynamitin localized to the dispersed late endosomes and lysosomes, indicating that RILP was expressed as well. This was confirmed in a reciprocal experiment using GFP-RILP with VSV-tagged p50 dynamitin (our unpublished data). These data imply that both the recruitment and the activity of the minus-end dynein motor are critical for the inhibition of bacterial replication.
Expression of RILP induces SCV transport to and subsequent fusion with lysosomes
Besides regulating vesicle transport (Jordens et al., 2001) , Rab7 is a key regulator of fusion between late endosomes and lysosomes (Meresse et al., 1995; Bucci et al., 2000) . The RILPinduced motor recruitment might target the bacteria for degradation by increasing transport to the microtubule minus-end, where the lysosomes reside, and induce fusion with lysosomes at this site. The interaction between lysosomes and the SCV was visualized with an antibody recognizing the aspartic proteinase cathepsin D. Cathepsin D is involved in degradation of proteins in the lysosomal compartment. In control cells, some of the SCV recruited cathepsin D ( Figure 5, b and c) . This increased significantly when RILP was expressed for 3-4 h ( Figure 5, a and c) , indicating that RILP expression enhanced fusion with lysosomes.
To further test this RILP-induced fusion with lysosomes, cells were preloaded with the fluid phase marker SR101 for 30 min followed by a 2 h incubation to allow the fluorophore to accumulate in lysosomes. Cells were then infected with Salmonella SL1344 and RILP was expressed 2-4 h after infection. One hour after microinjection of RILP, living cells expressing RILP and control cells were followed using time-lapse confocal microscopy. Cells microinjected with RILP showed a rapid accumulation of SR101 in 42.5 ± 5.0% of the SCV ( Figure 5, d and f) . In control cells, only 14.0 ± 2.4% of the SCV accumulated SR101 ( Figure  5 , e and f). Similar results were obtained for the 12023 strain (our unpublished data). As a control, RILP-N was expressed and then the SCV accumulated SR101 similar to control cells (our unpublished data). Moreover, similar results were obtained with DQ Red BSA, a strong self-quenched fluid phase marker that is dequenched upon proteolytic digestion. In control cells, only few of the SCV accumulated dequenched DQ Red BSA ( Figure 5 , h and i), which was significantly increased (2-fold) upon RILP expression ( Figure 5, g and i) .
Together, these results indicate that the minus-end motor dynein directs transport of the SCV to sites where lysosomes reside. Here, fusion between the two compartments can occur. Due to this fusion, Salmonella is rapidly targeted to lysosomes where it may be degraded. 
Discussion
S. typhimurium resides in a specialized vacuole inside host cells that does not fuse with mature lysosomes (Garciadel Portillo and Finlay, 1995; Meresse et al., 1999a) . Although various Salmonella proteins have been identified that could interfere with lysosomal fusion, it is unclear which host cell systems are targeted. Furthermore, it remains unclear how host cells can clear Salmonella infections. Our study shows that manipulation of a pathway downstream of Rab7, through its effector RILP, induces the recruitment of the dynein motor to the SCV. This results in transport of the SCV to lysosomes, where Salmonella growth is inhibited.
The small GTPases Rab5 and Rab7 are regulators of different transport and fusion steps in the endocytic pathway (Novick and Zerial, 1997; Somsel Rodman and Wandinger-Ness, 2000) . Phagosomes containing bacteria or inert particles acquire Rab5 and Rab7 sequentially when they mature along the endocytic pathway (Desjardins et al., 1994) . At the final stage of the endocytic pathway, bacteria are degraded in mature lysosomes that contain hydrolases. Therefore, several bacteria interfere with the host's endosomal pathway to avoid degradation in lysosomes (Knodler et al., 2001) . For example, retention of Rab5 on the phagosome and failure to acquire Rab7 protects M. tuberculosis from degradation (Via et al., 1997; Kelley and Schorey, 2003) . In murine macrophages, fusion with early endosomes and retention of Rab5 on the SCV is important in preventing transport to lysosomes as well (Hashim et al., 2000; Mukherjee et al., 2001) . However, studies in other cells, including HeLa, showed that the SCV does acquire Rab7. In HeLa cells, expression of a dominant-negative form of Rab7 delayed the maturation of the SCV, suggesting that Rab7 is involved in the maturation of the SCV (Meresse et al., 1999a) .
Although Rab7 interacts with the SCV in HeLa cells (Martinez-Lorenzo et al., 2001; Meresse et al., 1999a) , there is no fusion with mature lysosomes. For other intracellular bacteria, it has also been shown that targeting of Rab7 to phagosomes is not sufficient for phagolysosomal fusion. For instance, targeting of Rab7 to phagosomes containing Mycobacterium tuberculosis or Legionella pneumophila could not induce fusion with lysosomes (Clemens et al., 2000; Kelley and Schorey, 2003) . Moreover, using phosphatidylinositol 3-kinase inhibitors, Vieira et al. (2003) could induce a maturation block due to prolonged Rab5 activity on phagosomes containing latex beads. In these cells, recruitment to and activation of Rab7 on the phagosomes was not sufficient to overcome the maturation block .
We confirmed that Rab7 is targeted to the SCV in HeLa cells. Using transient expression of GFP-Rab7, we could show that Rab7 is present on the SCV during all phases of infection, and not only during the early phases of infection (Meresse et al., 1999a) . By using FRAP, the Rab7 activation cycle on the SCV was compared with the cycle on late endocytic structures, even within the same cell. This is considerably more complicated, if not impossible, when compartments have to be isolated for biochemical analysis. Our experiments showed that the Rab7 activation cycle on the SCV was identical to that on late endocytic structures, even within the same cell. Thus, Salmonella does not affect the Rab7 activation cycle on the SCV or late endocytic structures in our experimental system.
The role of Rab7 in regulation of late endosomal/lysosomal transport and fusion has been widely studied. However, some controversy remains about the exact localization of Rab7. Rab7 was reported exclusively located on late endosomes (Feng et al., 1995; Meresse et al., 1995) , whereas others placed Rab7 on late endosomes and lysosomes (Bucci et al., 2000) . Considering markers that define late endosomes and lysosomes, Rab7 is located on mannose-6-phosphate receptor-containing structures, a marker for late endosomes (Feng et al., 1995; Meresse et al., 1995) , as well as on cathepsin D-positive structures, a marker for lysosomes (Bucci et al., 2000) . However, thus far most reports used ectopic expression of Rab7 constructs, which might result in a broader distribution. We show that expression of the Rab7 effector RILP results in clustering of late endosomes as well as lysosomes, because the clustered compartments are cathepsin D, SR101, and LysoTracker positive ( Figure 5 , a-f) (Cantalupo et al., 2001; Jordens et al., 2001) . Because RILP binds to, and regulates transport of, compartments containing (endogenous) Rab7, this implies that endogenous Rab7 should be located on both compartments (see also Figure 5 , a-f).
Because Rab7 is crucial in regulating late endosomal/lysosomal fusion, modulating a pathway downstream of Rab7 could affect the intracellular fate of Salmonella.We therefore tested whether the Rab7 effector RILP could be recruited to the SCV. Because endogenous RILP cannot be detected using immunofluorescence, SCV separated by density gradient centrifugation were analyzed. RILP comigrated with Rab7 on the SCV and with late endocytic fractions. RILP is a limiting factor in controlling dynein motor recruitment to late endosomes and lysosomes, because ectopic expression of RILP enhances this motor recruitment and activates minus-end transport of late endosomes and lysosomes (Jordens et al., 2001) . To test whether RILP expression causes similar effects on the SCV or affects intracellular survival of Salmonella, cells infected with Salmonella were microinjected with RILP. Ectopic expression of RILP inhibited intracellular replication of two Salmonella strains. Under normal conditions endogenous RILP is recruited to the SCV (Figure 1f ). However this level of expression may be insufficient to affect Salmonella infections. Because ectopic expression of RILP can affect intracellular Salmonella replication, it might be that RILP or RILP activity is a direct target of Salmonella, but this is unclear.
How does RILP affect intracellular replication of Salmonella? It has been shown that phagosomes move along microtubules in a bidirectional manner by using the microtubule motors dynein and kinesin. This microtubule-based transport is required for phagosomal maturation because it facilitates fusion between phagosomes and endocytic compartments (Blocker et al., 1996) . Previously, we showed that RILP recruits the dynein motor to Rab7-containing late endosomes and lysosomes, thereby regulating minus-end transport of these compartments (Jordens et al., 2001) . Here, we show that expression of RILP induces recruitment of the minus-end motor dynein to the SCV and blocks intracellular Salmonella replication. This is the result of dynein motor activity because concomitant inactivation of the dynein-dynactin motor could overcome the RILP-mediated block in replication of Salmonella. Increased movement of the SCV in RILP-expressing cells could not be imaged due to phototoxicity. RILP expression only inhibited intracellular Salmonella growth during the early intracellular phase (2-4 h after infection). Expression of RILP 8 h or later after infection does not inhibit intracellular growth of Salmonella. Later, during the infection, the SCV is segregated from the endocytic pathway (Garvis et al., 2001 ), rendering it not susceptible to RILP-induced dynein-mediated transport to lysosomes.
Our data suggest that transport of the SCV to lysosomes is one of the limiting factors in host cells for intracellular survival of Salmonella. Because lysosomes are usually located in the perinuclear area, close to the microtubule minus-end, transport of the SCV to this site has to precede fusion with lysosomes. Indeed, we show that dynein recruitment resulted in an increased fusion of the SCV with lysosomes and inhibition of Salmonella growth. RILP induced dynein-mediated transport of the SCV, thus controls intracellular Salmonella replication during the early phase of infection. Motor proteins are novel host components involved in controlling intracellular survival of Salmonella and possibly other intracellular pathogens.
